A high performance apparatus has been designed and built by the H8-RD22 collaboration for the study of channeling and volume reflection phenomena in the interaction of 400 GeV/ c protons with bent silicon crystals, during the 2006 data taking in the external beamline H8 of the CERN SPS. High-quality silicon short crystals were bent by either anticlastic or quasimosaic effects. Alignment with the highly parallel ͑8 rad divergence͒ proton beam was guaranteed through a submicroradian goniometric system equipped with both rotational and translational stages. Particle tracking was possible by a series of silicon microstrip detectors with high-resolution and a parallel plate gas chamber, triggered by various scintillating detectors located along the beamline. Experimental observation of volume reflection with 400 GeV/ c protons proved true with a deflection angle of ͑10.4Ϯ 0.5͒ rad with respect to the unperturbed beam, with a silicon crystal whose ͑111͒ planes were parallel to the beam.
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I. INTRODUCTION
Channeling of charged particles in a bent crystal has been envisaged as a useful technique to steer ultrarelativistic beams. 1 Since pioneering experiments 2 on beam extraction from the Super Proton Synchrotron ͑SPS͒, extraction efficiency with crystals has significantly increased with the advent of new solutions for crystal geometries 3 and fabrication techniques. 4, 5 As a result, channeling has been investigated in an increasing number of experiments at accelerators, [6] [7] [8] [9] [10] some of which routinely use bent crystals for beam extraction 11 and beam splitting. 12 A new effect has been recently discovered, which consists in the reversal of the transverse momentum of a charged particle while traversing a bent crystal with a trajectory almost tangent to the crystallographic planes. This effect, traditionally referred to as "volume reflection", offers new potential for the practical implementation of crystals in accelerators. [13] [14] [15] Thus, interaction of charged particles with a bent crystal appears to be an elegant and efficient technique for manipulation of high energy beams. For example, the use of a bent crystal for halo collimation in hadron colliders has already been proposed. 16 Indeed, diffractive physics may take advantage of channeling and volume reflection to increase the acceptance of forward events. 17 The H8-RD22 collaboration aims at a deeper understanding of the interaction of ultrarelativistic protons with bent crystals. The measurement approach relies on precise single-particle tracking 18 with high-resolution silicon microstrip detectors. This article presents a detailed description of the experimental apparatus built and installed in the external line H8 at the CERN SPS and of the technical procedure and preliminary data analysis.
II. SILICON CRYSTALS
Two different types of crystals have been fabricated and used in the experiment: strip and quasimosaic crystals, as schematically shown in Fig. 1 .
Silicon strips used in the experiment have been realized at the Sensors and Semiconductors Laboratory at Ferrara University in collaboration with Institute of High Energy Physics ͑IHEP͒ ͑Protvino͒. Prime materials are the ͑110͒ and ͑111͒ oriented 4 in. silicon wafers with maximum off-axis orientation of 0.1°, which was the result of a custom-made working process. 19 A wafer with low off-axis orientation is necessary to increase the useful portion of the crystal available for channeling. After standard cleaning procedure, the wafer is diced to achieve the following sizes for the strips, which correspond to the X, Y, and Z coordinates depicted in Fig. 1 : 0.2ϫ 70ϫ 1 mm 3 ͑ST1 crystal͒ and 0.5ϫ 70 ϫ 1.85 mm 3 ͑ST2 crystal͒, both with the ͑111͒ orientation, and 0.9ϫ 70ϫ 3 mm 3 ͑ST4 crystal͒ with the ͑110͒ orientation. In order to avoid axial channeling, the dicing is made in such a way that the face exposed to the proton beam is 2°off axis with respect to the crystallographic axis. In order to induce minimal lattice damage, a fine grane blade was used to dice the samples. The residual lattice damage was removed through wet isotropic chemical etching in acids solution ͑HF, HNO 3 , and CH 3 COOH in proportions 2:15:5͒. 4 The timing was chosen to remove about 2 m. Surface characterization with Rutherford backscattering technique in channeling mode demonstrated the quality of the etched surfaces. 20 The crystal is mounted on a specifically designed holder, shown in Fig. 1 ͑left͒, which is routinely used at IHEP for beam extraction. 11 The holder induces on the crystal a primary curvature and the anticlastic forces give rise to a secondary curvature that is used to deflect the proton beam.
The second type of crystals, in the form of small plates, has been prepared exploiting the elastic quasimosaicity effect, which originates from crystal anisotropy that leads to the curvature of the normal cross sections of the crystal plate under bending. [21] [22] [23] Four silicon plates were prepared in Petersburg Nuclear Physics Institute ͑PNPI͒ ͑Gatchina͒ in the same way as described in Ref. 5 ͑QM4͒. In all the plates, the channeling ͑111͒ planes were normal to the large faces and parallel to the long edges. The crystal plates were bent in the YZ plane using a special mechanical device, as shown in Fig. 1 ͑right͒ for the case of the simplest device, to induce a quasimosaic curvature of the atomic ͑111͒ planes in the XZ plane with a full curvature angle near 100 rad. The value of the bending angle was cross-checked with x rays for each crystal. By measuring a rocking curve with x rays, it was found that the thickness of the damaged layer of the plate surfaces is less than 1 m. By measuring a diffraction angle from different parts of the crystals, the curvature radius of the large face of the plates in the XZ plane induced by anticlastic forces was found to be ϳ26 m and ϳ100 m for the QM1 and QM2 crystals, respectively.
III. EXPERIMENTAL LAYOUT
The experiment has been performed in the external line H8 of the SPS accelerator at CERN using a primary proton beam with 400 GeV/ c momentum and very small divergence. The setup, depicted in Fig. 2 , consists of a highprecision goniometer ͑G͒, used to accurately move the holders with the crystals, a set of high-resolution silicon microstrip detectors placed in the crystal zone ͑SD0-SD2͒ and about 70 m downstream ͑SD3-SD5͒, a high-rate gas chamber ͑GC͒, and a scintillator trigger system ͑S1-S6, H͒.
Individual particle trajectories are reconstructed in the silicon microstrip detectors placed upstream and downstream of the goniometer position. The upstream detectors are used to define the particle impact point on the crystal, while the downstream ones, placed at a distance of 65-74 m, determine the particle deflection with respect to the incident direction. The scintillating detectors define the trigger for the silicon ones and a high rate gas chamber, together with a scintillating hodoscope, is used for fast identification of the channeling conditions. 
IV. GONIOMETRIC SYSTEM
The study of channeling phenomena requires very accurate angular alignment of the crystals with respect to the proton beam.
The critical angle for channeling, i.e., the angular acceptance of particle momentum with respect to the crystalline planes, is of the order of 10 rad for 400 GeV/ c protons in silicon. Therefore, a high-precision goniometric system was implemented: it consists of two translational stages with 1.5 m accuracy, 2 m bidirectional repeatability, and 5 m resolution over the ranges of 102 mm ͑upper stage͒ and 52 mm ͑lower stage͒. In between the two translational stages, a rotational one is mounted, with a full range of 360°, 1 rad average accuracy, 1 rad repeatability, and 0.25 rad resolution ͑the quoted values are the specifications provided by the goniometer producer͒.
The upper stage is equipped with a platform for simultaneous hosting of two crystal holders; the wide range allows positioning of both crystals on the beam axis. In addition, the range of the lower stage allows positioning the crystals and holders outside the beam. The high accuracy of both translational stages allows micrometric positioning of the crystal with respect to the beam, and an extremely accurate choice of the area of the crystal to be analyzed.
Precise scanning of the channeling peak and accurate measurement of the volume reflection angle requires fine stepping with a resolution better than 3 rad. The rotational stage was chosen in order to fulfill all these stringent requirements. The control of angular rotation is provided by an optical encoder and closed loop mechanism, which guarantee the required angular accuracy and repeatability.
All stages are equipped with two-phase microstep motors and mechanical limit switches are integrated in the two linear stages. All the stages are controlled with three axis stand alone controller and power drive. The controller is also equipped with one axis closed loop for the rotational stage with 1 V peak to peak encoder signal, 12 bit resolution.
In order to improve the mechanical stability of the goniometer and to precisely define its relative position with respect to the beam, the whole system was installed on a precisely machined granite table. The goniometer is remotely controlled via a PC and position information is continuously acquired by the data acquisition ͑DAQ͒ system of the experiment.
V. PARTICLE TRACKING
The tracking system consists of two types of silicon microstrip detectors having good spatial resolution. These detectors were designed for space-based operation in the AGILE ͑Ref. 24͒ ad Alpha Magnetic Spectrometer 25 ͑AMS͒ experiments and are best suited for this experiment in virtue of their resolution and thickness. In particular, AMS-type double sided and AGILE-type single sided silicon microstrip detectors are used in different locations along the beam direction.
Two silicon microstrip stations ͑AMS and AGILE type͒ are placed upstream of the goniometer, as shown in Fig. 2 , in order to define proton impact point on the crystal surface. The first detector station is of the AGILE type ͑SD0͒ and is installed 4.2 m upstream the crystal, while the second is of the AMS type ͑SD1͒ and is placed 20 cm upstream the crystal. Another AMS-type silicon detector ͑SD2͒ is installed on top of the granite table, 20 cm downstream of the goniometer ͑G͒, and defines a point in the proton trajectory after the crystal.
A second set of silicon detectors is placed downstream of the goniometer, in the far detector area, at a distance of 65.0 m for the AMS detectors and 69.1 and 73.9 m for the AGILE ones. The first detector station is composed of four double sided detectors of the AMS type ͑SD3͒, mounted at a relative distance of 4 cm. The second station is made of four pairs of single sided silicon microstrip detectors of the AGILE type ͑SD4͒, mounted at a relative distance of 21 cm. This station is complemented by a small version of the AGILE tracker called "minitracker" ͑SD5͒, with six x-y planes assembled on carbon fiber and aluminum honeycomb trays with a tungsten layer of 300 m/tray, installed 73.9 m downstream the crystal.
The experimental setup includes a fast parallel plate GC and scintillation counters used for triggering and for beam monitoring ͑S1-S6 and H͒.
VI. AMS SILICON MICROSTRIP DETECTORS
Silicon detectors stations SD1, SD2, and SD3 are equipped with detector modules of the AMS type. 26 These are made of 12 double-sided silicon sensors, 41.360 ϫ 72.045ϫ 0.3 mm 3 , grouped together to form a "ladder" with a common bias voltage and readout ͑Fig. 3͒.
The n-type, high resistivity sensors are biased with the punch-through technique. p + blocking strips, implanted on the n side, are used to minimize the influence of surface charge on the Ohmic side position measurement. The sensors have been designed to exploit interstrip capacitive coupling in order to obtain a very good spatial resolution using a limited number of readout channels. The implantation ͑read-out͒ strip pitch is 27.5 m ͑110 m͒ on the p-side and 104 m ͑208 m͒ on the n side. The finer pitch p-side strips are used to measure coordinate along the bending direction of the beam ͑X͒.
The readout strips are ac coupled, via 700 pF capacitor chips, to the VA64.hdr9a, a low noise and high dynamic range front-end chip ͑IDEAS, Norway͒. The VA and capacitor chips are located on a standard printed circuit board ͑hybrid͒, equipped with ten and six 64-channel chips on the p and n sides, respectively, for a total of 1024 readout channels.
The detector readout is done with the tracker data reduction ͑TDR͒ board, a custom board developed for the AMS experiment. Each TDR contains a 12 bit analog-to-digital converter ͑ADC͒, a data buffer and a digital signal processor. The latter is programed to perform on line both the calibration ͑pedestal and noise calculation͒ and the zero suppression. A data reduction of about 25 is obtained, allowing operation of the system up to 3 kHz trigger rate without appreciable dead time.
A dedicated beam test to verify the performance of the AMS ladders in terms of spatial resolution has been performed in 2003, yielding a resolution of 8.5 and 30 m on the p and n sides, respectively. On the H8 beamline, several runs have been devoted to evaluate the alignment parameters of the ladders in the actual configuration and to verify the spatial resolution achieved in this experiment. In Fig. 4 , the distribution of track residuals, defined as the distance between the measurements and the fitted track, is presented for tracks reconstructed in the four ladders of the SD3 station. The width of this distribution is related to the measurement error on the single ladder, i.e., the spatial resolution, the uncertainty on the track reconstruction, i.e., the fit error, and possibly to the scattering of the particle along its trajectory. Given the negligible amount of material in the SD3 station, we evaluated the p-side silicon detector resolution for this setup as x = 9.2 m, after the fit error subtraction.
VII. AGILE SILICON MICROSTRIP DETECTORS
A second tracking system is based on the AGILE ͑Ref. 27͒ silicon sensors ͑HAMAMATSU, Japan͒. Each detector is a single sided ac coupled 410 m thick, 9.5ϫ 9.5 cm 2 tile with a physical strip pitch of 121 m and a readout pitch of 242 m thus employing a floating strip readout configuration. The detectors have been manufactured on 4 k⍀ cm 6 in. wafers, are biased through polysilicon resistors with a voltage lower than 50 V and show a leakage current of less than 1 nA/ cm 2 . The detectors are readout by the TAA1 ͑IDEAS, Norway͒, an analog digital 128 channel, low noise, self-triggering ASIC. The ASIC is used in a low power configuration ͑Ͻ400 W/channel͒ with full analog readout. The TAA1 has been manufactured with BiC metal-oxide semiconductor 0.8 m technology on epitaxial layer in order to limit latch-up effects. Each channel consists of a folded cascode preamplifier, a CR-RC shaper, a sample-and-hold circuit, and a threshold discriminator with an ASIC global threshold and a 3 bit trim DAC for each channel. The readout is a multiplexed one with a maximum clock rate of 10 MHz. Each tile is readout by three ASICs. The floating strip and the analog information allow to reach a very good spatial resolution keeping power consumption under control. Figure 5 shows the residuals of one of the AGILE detectors for multistrip clusters. In order to increase the data taking speed, the detectors were readout with the CAEN V550 ADCs in zero suppression mode thus reaching a 1 kHz rate.
VIII. PARALLEL PLATE CHAMBER
A detector for planar channeling studies, capable to withstand high particle rates and working in self-triggering mode, has been developed on the basis of parallel plate gas chamber and successfully used, at first, in the 1 GeV proton channeling experiment at PNPI. 14 In the H8 data taking this detector is used for fast angular scanning of crystals, to get information on their orientation with respect to the beam and to provide online characterization of the crystals under investigation.
The detector consists of two parallel flat electrodes assembled with a uniform gap and installed within an aluminum frame of 25͑height͒ ϫ 110͑width͒ ϫ 175͑length͒ mm 3 , filled with a gas mixture ͑70% Ar+ 30% CO 2 ͒ at atmospheric pressure. The anode electrode is arranged on a glass-ceramic 3 . The silicon plate is glued on the anode through insulator spacers providing a 600 m distance between electrodes. Thus, the working volume of the detector is restricted to a dimension of 0.6͑height͒ ϫ 12.8͑width͒ ϫ 10 ͑length along the beam͒ mm 3 . The frame of the detector is equipped with two capton windows for the proton beam, inlet and outlet for the gas mixture, and electrical connectors for high voltage supply and signals read out from the strips.
The front-end electronics of the detector consists in an individual amplifier shaper and discriminator for each strip arranged on the four AD16គF boards 28 developed originally for amplifying and discriminating the anode signals of the proportional chambers of the end-cap muon system of the Compact Muon Solenoid ͑CMS͒ detector. In working conditions, the amplifier noise is typically 1 fC and the thresholds of all discriminators are set close to the minimum value of 7 fC.
The working position of the detector corresponds to the particles passing through the gap parallel to the electrodes and anode strips. Such geometry enables to increase the working volume to detect particles up to 10 mm ͑size of anode electrode͒ but makes the chamber gain dependent on the distance between the particle track and the anode. The largest signals are formed by particles traveling near the cathode, while the smallest are formed by particles near the anode. A threshold of the front-end electronics determines the fraction of the chamber gap where incident protons are detected. The straggling of thresholds in channels results in the straggling of sensitive volumes corresponding to different strips. In practice, this straggling is taken into account by means of a calibration procedure. For a uniform parallel beam, the efficiency of the chamber can be defined as the ratio of the detected particles to all the particles crossing the gap. From measurements with 1 GeV protons, the efficiency is found to be 20% and corresponds to the detection of protons within 1 / 5 of the gap near the cathode with a probability close to 1.
Due to the relatively small active area, the detector was mounted on a moving support, with a stepping precision of 4 m and a total range of about 50 mm for both horizontal and vertical movements. This provided the initial positioning of the detector on the beam axis. One of the beam profiles measured using the gas chamber with QM3 crystal in the channeling position is shown in Fig. 6 .
IX. SCINTILLATORS AND TRIGGER SYSTEM
Two thin scintillation counters were installed on the granite table ͑S1, 100 m thick in the bending plane͒ and on the upper linear stage of the goniometer ͑S2, 80 m thick͒. They were used to define the exact beam position with respect to the crystals. A pair of identical scintillators ͑S3-S4: 100ϫ 100ϫ 4 mm 3 ͒ was placed downstream of the AMS ladders ͑SD3͒ and used to define the trigger for the silicon detectors. Two additional scintillators were used in the downstream detector region: a 100 m thick ͑S5͒ and a 2 mm thick one ͑S6͒, mounted on moving supports for a redundant measurement of the beam divergence and profile.
A scintillating hodoscope ͑H͒, made of 16 vertical strips with a total sensitive area of 3.2ϫ 4.0 cm 2 , was used for beam monitoring. Each strip is 2͑horizontal͒ ϫ 4͑along beam͒ ϫ 40͑vertical͒ mm 3 , slightly overlapping with the neighboring ones in order to avoid dead space. The strips are read out by a 16 channel photomultiplier ͑Hamamatsu H6568͒, which enables to have fast signals and low cross-talk. The hodoscope was used during data taking to provide fast information on crystal alignment and beam stability.
Scintillator electronics is composed of commercial modules based on Nuclear Instrumentation Module ͑NIM͒ and Versa Module Europa ͑VME͒ standards. The signals are sent to a programmable trigger logic unit, a custom module which generates the trigger signals for the silicon microstrip detectors, receiving as input the discriminated signals from all the scintillators and the hodoscope, in addition to busy signals from silicon stations and the SPS accelerator signals.
X. PROTON BEAM
The H8 external beamline is located in the North Area of the CERN SPS. The experiment used a 400 GeV/ c primary proton beam with an intensity of about 2 ϫ 10 12 ppp, which was reduced to about 5 ϫ 10 4 ppp. The beam had a continuous time structure with a flat top of 4.8 s duration every 16.8 s.
The beam spot diameter at the crystal has been measured with silicon microstrip detectors to be about 1 mm. The beam divergence has been measured, in dedicated runs without crystal, from the angular distribution of beam particles reconstructed with the upstream ͑SD1͒ and downstream ͑SD3͒ stations. In Fig. 7 , the reconstructed angular distribution of particles is shown: it is peaked around the nominal beam direction and the spread ͑8.57 rad͒ reflects the beam divergence and its widening due to multiple scattering on the material between SD1 and SD3 along the beamline. With a dedicated GEANT4 Monte Carlo simulation, the multiple scattering contribution has been estimated to be ͑3.46Ϯ 0.03͒ rad. Subtracting in quadrature this contribution yields a beam divergence at the crystal of ͑7.84Ϯ 0.07͒ rad.
XI. EXPERIMENTAL PROCEDURE
After installation of the holders with crystals on top of the goniometer, an optical prealignment was performed using a laser beam. The laser ray, parallel to the beam axis, was sent perpendicularly to the crystal surface with the help of a pentaprism. Being the path of the laser beam of about 10 m and the precision on the measured position of the reflected ray of 1 mm, crystal prealignment with the beam was possible with an accuracy of about 0.1 mrad.
After laser prealignment, a fast scan of the crystal angular position has been performed measuring proton tracks with the parallel plate chamber, thanks to the high particle rate it can sustain. A 10-20 rad rotation of the crystal was performed every accelerator cycle and the corresponding beam profile was recorded 70 m downstream of the goniometer. This measurement defined, precisely and in a short time, the channeling angular position and the total angular range to be measured with higher statistics and higher precision using the silicon detectors. A more detailed scan was then performed with angular steps of 3 -5 rad, recording silicon detectors data for about 10-15 accelerator cycles for each crystal position, in order to collect enough statistics for offline data analysis. A custom made client/sever protocol, based on TCP/IP and python, allowed for the communication between the main data acquisition computer ͑MDAQ͒, and the various subsystems of the experiment: the goniometer control system, the trigger control system, and the silicon detectors DAQ systems. The MDAQ was able to move the goniometer and to start and stop the data acquisition runs, allowing for automatic data taking at different crystal orientations. Typically about 150 and 45 K events were collected in the AMS and AGILE detectors for each goniometer position.
The result of such angular scan for the ST1 strip crystal is presented in Fig. 8 , which shows the normalized beam intensity as a function of the angle of the crystalline planes with respect to the beam ͑vertical axis͒ and of the angular deflection of the particles measured 65 m downstream of the crystal with silicon microstrip detectors ͑horizontal axis͒.
Region ͑1͒ in Fig. 8 pertains the beam traversing the crystal in a nonaligned orientation: no deflection is observed. Increasing the goniometer angle, the channeling condition is met, i.e., most of the particles are captured in the crystalline planes and steered outward, resulting in the peak ͑2͒ clearly visible in the bottom-left part of the plot. The channeling peak is separated from the unperturbed beam by ͑278.2Ϯ 3.2͒ rad, which corresponds to the crystal bending angle ͑measured with optical techniques͒ within experimental errors. A small fraction of the initially channeled particles exits the channel due to an increase of the transverse energy ͑dechanneled particles͒ and is visible in region ͑3͒.
The volume reflection region appears when the goniometer angle is further increased: the particle enters the crystal with a too high transverse energy for being channeled at the surface. At some place inside the crystal, the particle trajectory becomes almost tangent to the bent crystalline planes and here two phenomena may occur. The particle may lose a fraction of its transverse energy and be trapped in the potential well: the particle is channeled within the volume of the crystal ͑volume capture͒ and the resulting distribution is visible in region ͑5͒. As an alternative, the transverse momentum of the particle may be reversed as in the scattering off a potential barrier ͑volume reflection͒. The volume reflection region ͑4͒ extends over a wide angular area along the vertical axis: almost the whole beam is displaced by ͑10.4Ϯ 0.5͒ rad with respect to the unperturbed beam, in the opposite direction to that of channeling. In region ͑6͒ volume reflection is no longer possible and the crystal is traversed by the incoming particles in a nonoriented condition, similar to region ͑1͒.
Offline analysis show a channeling efficiency of ͑38.5Ϯ 2.7͒% and a volume reflection efficiency which amounts to ͑98.3Ϯ 0.5͒%. The last figure of merit highlights good perspectives for manipulation of a proton beam via interactions with a bent crystal in volume reflection mode.
XII. CONCLUSIONS
An experimental setup for precise measurement of channeling and volume reflection phenomena in the interaction of charged particles with bent crystals has been designed and built. The key features of the system are an ultraprecise goniometer and a high-resolution tracking system.
The experimental setup has been successfully used to study, with very high accuracy, channeling, and volume reflection phenomena of protons in new generation silicon crystals during a dedicated data taking in the SPS H8 beamline. During the two week data taking period, more than a thousand runs have been recorded to disk and, in total, three strip crystals and two quasimosaic crystals were fully characterized. First results have already been published; 15 more detailed data analysis will be the subject of another publication.
